Gastric hydrochloric acid (HCl) secretion is stimulated in vivo by histamine, acetylcholine, and gastrin. In vitro studies have shown that histamine acts mainly via a cAMP-dependent pathway, and acetylcholine acts via a calcium-dependent pathway. Histamine also elevates intracellular calcium ([Ca2+] 
INTRODUCTION
Because peptic ulcer disease is prevalent world-wide and gastric acid secretion has been implicated in the progression of this disease, the source of hydrochloric acid (HCl) secretion, the gastric parietal cell, has been intensively studied. In vivo, gastric acid secretion is stimulated by neural, paracrine, and endocrine events that involve three classes of agonists, histamine, acetylcholine, and gastrin, all of which when administered separately are potent stimulators of gastric HCI secretion. Histamine H2 and muscarinic m3-type receptors have been localized to parietal cells in several species, including human. Because gastrin has either a small or no stimulatory effect on acid secretory-related activities in isolated parietal cells, however, there has been considerable controversy as to whether or not gastrin receptors are present on parietal cells of rats, rabbits, and humans [1] [2] [3] . In contrast, it is generally accepted that these receptors are present on canine parietal cells, and a gastrin receptor with characteristics similar to the CCK-B-type receptor has recently been cloned from a canine cDNA library [4] . Like gastrin, the efficacies of histamine and cholinergic analogs such as carbachol vary among different species both in vivo and in vitro. In humans and rabbits, for example, histamine is more efficacious than carbachol, whereas the reverse is true for the dog [1] [2] [3] 5] .
The parietal cell responds to secretory agonists with complex morphological transformations that involve fusion of intracellular vesicles containing the acid secreting proton "pump" or H,K ATPase with the apical canalicular membrane. A currently held belief is that the insertion of the H,K ATPase into the canalicular membrane is the final intracellular event leading to increased HCl secretion [5] . The intracellular signaling events that occur prior to insertion of the "pump" into the apical membrane involve both calcium and cAMP-dependent mechanisms. [6] [7] [8] [9] [10] . Moreover, when cloned histamine H2 receptor cDNA is expressed in COS cells, histamine addition elevates both cAMP content and [Ca2+]i [11] .
The specific cellular activation events that occur following elevation of [Ca2+]i and cAMP are not well defined. Several studies have detected increased phosphorylation of specific intracellular proteins in response to histamine and agents that elevate intracellular cAMP content, such as dbcAMP and forskolin. Carbachol and CCK-8/ gastrin increase phosphorylation of a different set of proteins [12] [13] [14] [15] . Since Parietal Cell Isolation, Enrichment, and Primary Culture Parietal cells were isolated, enriched to > 90 percent purity, and placed in primary culture as previously described [18] . In brief, the gastric mucosa of male New Zealand white rabbits (1.5-3 kg) was perfused in situ with phosphate-buffered saline (PBS) under high pressure, then sequentially digested with pronase followed by collagenase to produce single cells. Nycodenz gradient separation, followed by centrifugal elutriation with a Beckman JE 5.0 elutriator rotor, was used for parietal cell enrichment. Following elutriation, cells were washed twice by brief centrifugation and resuspension in medium A (1:1 mixture of Ham's F12 and DME (pH 7.4), BSA (2 mg/ml); epidermal growth factor (8 nM), hydrocortisone (10 nM), insulin (800 nM), transferrin (5 p,g/ml), sodium selenite (5 ng/ml), glucose (10 mM), novobiocin (50 [xg/ml), geniticin (5 ,ug/ml), and gentamicin sulfate (100 ,ug/ml). Acid secretory activity in cultured parietal cell populations was measured, using a modification [18] of the Berglindh technique [26] , which is based on the observation that aminopyrine, a weak base with a pKa of 5, accumulates within acidic vesicular compartments in parietal cells due to protonation at pHs below 5. Thirty minutes prior to agonist addition, attached cells were rinsed and pre-incubated in medium B (in mmol/l: 114.4 NaCl, 5.4 KCl, 5.0 Na2 HPO4, 1.0 NaH2PO4, 1.2 MgSO4, 1.0 CaCl2, 10.0 glucose, 1.0 pyruvate, 20.0 HEPES, pH 7.4; BSA (2 mg/ml) and phenol red (10 mg/ml) and then incubated an additional 30 minutes in medium B containing
[I4C]-aminopyrine (AP, 0.1 ,uCi/ml). Cells were exposed to agonists for indicated amounts of time. When agonists other than histamine were used, the H2-receptor antagonist, cimetidine (10 ,uM) , was included in the incubation to block the effect of any histamine that might be present in the culture. Thiocyanate (10 mM) was added to separate dishes in order to correct for nonspecific trapping of AP. Incubations were terminated by rapidly removing the supernatant under vacuum, rinsing the cells twice with PBS, and lysing cells with 1 ml of PBS containing 1 percent Triton X-100. Aliquots of cell lysates and supernatants were counted in Ecolite (Westchem) in a Beckman LS6800 liquid scintillation counter with DPM correction. AP accumulation ratios were calculated, based on cell number as previously described [18] .
Digitized Video Image Analysis of [Ca2+]i in Single Cells and Fluorimetric

Measurements in Cell Populations
The calcium-sensitive fluorescent probe, fura-2, was used in all experiments to define relative changes in [Ca2+]i. For cell population measurements, a temperaturecontrolled (37°C) Perkin-Elmer 650-40 spectrofluorimeter was employed, as previously described [6] . To [16, 27, 28] . Cells were loaded with fura-2 by incubating in medium B containing the cell-permeant form (fura-2/AM, 4 adjusted so that autofluorescence (AF) from cells prior to fura loading was undetectable. Changes in [Ca2+]i were expressed as 340/380 nm ratios rather than as absolute calcium concentrations, due to uncertainities surrounding the calibration of intracellular free calcium concentrations with the fura-2 technique [16] . Images were acquired at eight-bit resolution and analyzed at 16-bit resolution with shading correction using Inovision IC300 software and a SUN 3/280S or a Sparc2 minicomputer. In routine experiments, 16-32 frames were averaged for each excitation wavelength with a 12-frame (375 msec) delay between samples to avoid sampling bias. RESULTS Gastnn Increases APAccumulation in Cultured Panietal Cells Figure 1 shows that gastrin stimulates a small increase in AP accumulation in parietal cells maintained in primary culture. The apparent EC50 for four separate preparations assayed in the presence of 10 p,M cimetidine to block the action of any endogenous histamine that might be present was 6.5 + 1.9 x 10-10 M. These results confirm and extend previous observations that gastrin stimulates AP accumulation in cultured as well as acutely isolated parietal cells and gastric glands from rabbits [18, 29] . Although a response to gastrin is more readily demonstrated in cultured cells than in acutely isolated cells, possibly because receptors have a chance to recover from damage induced by digestive enzymes required for cell isolation, the magnitude of the AP response in both models was considerably less than that to histamine or Figure 2 depicts responses of two such cells that were imaged simultaneously. Note that only one cell responded to 0.1 nM gastrin and, although both responded to 1-100 nM gastrin, the response to 100 nM gastrin was greatly attenuated, as compared to the response at 10 nM. In other experiments (not shown), 100 nM gastrin alone elevated [Ca2+]i to levels similar to those observed with 10 nM gastrin. Thus, the reduced response to 100 nM gastrin shown in Fig. 2 was not simply due to a diminished calcium response. The onset of tachyphylaxis was somewhat variable from cell to cell. In Fig. 3 Figure 4 shows changes in [Ca2+]i in a parietal cell stimulated with 0.1 nM and then 10 nM gastrin, followed by 100 ,uM histamine, then 100 ,uM carbachol. The calcium transient in response to 0.1 nM gastrin was barely detectable. Ten nanomolar gastrin elicited a large spike in [Ca2+]i that rapidly returned to near basal levels. In contrast, the initial spike elicited by carbachol was followed by a characteristic sustained plateau that was well above basal. The cell responded to histamine with repetitive oscillations that were smaller in magnitude than the initial spike. In a previous publication, we observed that -30 percent of cells responding to histamine exhibited oscillatory behavior, whereas the majority responded with a single spike followed by a lower, sustained plateau [16] .
Agonist-Dependent Calcium Entry and Release Mechanisms
Although there is substantial evidence that both release of calcium from intracellular stores and influx of calcium across the plasma membrane are involved in agonist-mediated increases in [Ca2+]i the mechanisms involved in these changes are poorly understood. In an attempt to learn more about the mechanisms involved in the differing calcium responses to gastrin, histamine, and carbachol, several agents that affect calcium release or influx in certain other cell types were tested. In the first set of experiments, we sought to determine whether or not the agonist-stimulated calcium entry pathways were similar to or different from those detected in, for example, platelets and possibly in pancreatic acinar cells [30, 31] , i.e., cell types in which experiments with the divalent cation, manganese (Mn), have suggested that calcium-dependent agonists increase calcium entry via divalent cation "channels." Since Mn quenches fura-2 fluorescence, increased Mn influx into fura-2-loaded cells may be measured as a reduction in fura-2 fluorescence. In such experiments, Mn entry is detected using a single wavelength because the ratiometric technique will cancel out quenching, as it does photobleaching [27, 28] .
When single parietal cells were monitored in the presence of extracellular Mn, no significant Mn entry (i.e., quenching of fura-2 fluorescence) was detected either in stimulated or unstimulated cells monitored at both 340 and 380 nm wavelengths (Fig.  5) . A similar protocol was performed with populations of fura-2-loaded cells in a spectrofluorimeter, except that, in these experiments, fluorescence at 340 nm and 360 nm (the isosbestic point for fura-2) was monitored. At the isosbestic point, the fura-2 signal does not change in response to changes in calcium concentrations as it does at 340 nm (increases) and at 380 nm (decreases). Thus, a decrease in fluorescence at 360 nm reflects either dye photobleaching or quench. In cell populations, but not perfused single cells, fura-2 fluorescence may be quenched as a result of leakage from cells or influx of extracellular Mn into cells. Figure 6 depicts several recordings made from the same population of fura-2-loaded parietal cells in the presence and absence of extracellular Mn at 340 and 360 nm wavelengths. In the top recording, responses to 100 ,uM histamine followed by 100 TIME (min) TIME (min) [6, 29, 33] .
A new finding is the rapid development of tachyphylaxis in gastrin-induced increases in parietal cell [Ca2+]i, a phenomenon that is particularly apparent at maximal to near maximal doses of gastrin. The tachyphylaxis observed with gastrin is in direct contrast to the apparent absence of short-term tachyphylaxis following administration of either the cholinergic agonists, as shown in this study, or of histamine [16] . The mechanism and significance of gastrin-induced tachyphylaxis is unclear. It may be that receptor downregulation is involved, and this downregulation might explain the weak direct action of gastrin on acid secretion. Another possiblity is that gastrin is involved in the long-term regulation of parietal cell function, an event that is activated or terminated by receptor internalization. Thus, the heterogeneity of the calcium response to gastrin might be related to the state of parietal cell differentiation. In vivo, elevated plasma gastrin levels are associated with gastric mucosal hypertrophy in which there is an increase in parietal cell mass and an apparent increase in the number of histamine-containing or enterochromaffin-like (ECL) cells [34] . It is not yet established whether these changes are mediated by a direct effect of gastrin or indirectly by gastrin-induced release of other factor(s).
Some years ago, we proposed that gastrin exerts a dual action in rabbit by releasing histamine from paracrine cells and exerting a weak stimulatory effect directly on the parietal cell [29] . The cultured cell data support this hypothesis. We now further suggest that a similar mechanism exists in humans, but has been difficult to demonstrate due to cell damage in acutely isolated cells. In this study, we chose to utilize rabbit parietal cells in primary culture to investigate calcium signaling and acid secretory mechanisms because this model offers several advantages over acutely isolated cells, including improved agonist sensitivity and cell viability. The rabbit has an in vivo pattern of response to secretory agonists similar to humans [35] . Moreover, cultured parietal cells from rabbit retain the major phenotypic characteristics of cells in vivo, including an agonist-responsive proton "pump" or H,K-ATPase, the activation of which can be assessed by measurement of AP accumulation, a technique that is widely used to define acid secretory status in isolated glands and parietal cells [1] [2] [3] 5] [1, 3, 16, 17] . Thus, either histamine does not act on the same calcium pools as carbachol and gastrin or the calcium response pattern with histamine is inappropriate for regulation of secretion.
The generally accepted model for agonist-stimulated increases in intracellular calcium is that InsP3, which is produced in conjunction with diacylglycerol following agonist-stimulated, phospholipase C-catalyzed breakdown of phosphatidylinositol 4,5-bisphosphate, causes release of calcium from intracellular storage sites [36] . Since both carbachol and gastrin, but not histamine, induce a significant elevation in cellular inositol 1,4,5-trisphosphate (InsP3) concentrations [6, 33, 37] , this mechanism may not account for histamine-stimulated release of [Ca2+]i. The possibility that histamine-stimulated increases in InsP3 do occur cannot be completely ruled out, however, because Gantz and colleagues have recently shown that insertion of cloned cDNA for the canine histamine H2-receptor into COS cells results in expression of a receptor that responds to histamine by activating both the cAMP and InsP3 pathways [11] . On the other hand, it has been known for several years that addition of InsP3 to permeabilized cells releases only 30- [19, 24] . Recently it has been suggested that ryanodine and/or caffeine alter calcium metabolism in pancreatic and salivary acinar cells and adrenal chromaffin cells [20] [21] [22] [23] 40] . In another study, however, caffeine had a negligible effect on calcium release in permeabilized pancreatic acinar cells [41] . These latter results are similar to our findings in parietal cells, which suggest that there are distinct differences in the mechanisms associated with intracellular calcium release in parietal cells as compared to muscle and neuron and perhaps acinar cells. As yet, the presence of ryanodine receptors that represent another class of intracellular calcium channel in parietal cells in addition to the InsP3-receptor-operated channel cannot be completely ruled out because a recent study has detected a widespread distribution of a ryanodine receptor distinct from the muscle subtype [42] . Since [43, 44] . The mechanisms by which agonists increase calcium influx in parietal cells is unknown. Unlike excitable cells, which possess both voltage-and receptor-operated calcium channels, the gene families of which have now been identified and cloned, non-excitable cells, including the parietal cell, do not appear to possess such calcium entry mechanisms [1, 3, 39, 45, 46] . In several cell types, experiments with Mn have been interpreted to reflect agonist-dependent activation of plasma membrane divalent cation channels [30, 31, 39] ; however, the reliability of measurements that rely on Mn quench of fura-2 fluorescence has recently been challenged [47] . We agree that such experimental protocols can potentially generate a number of artifacts and provide data to show that, when calcium-insensitive wavelengths are utilized for fura-2 measurements, there is no evidence for agoniststimulated Mn entry in parietal cells. Furthermore, in single-cell experiments (not shown), there was no evidence for Mn influx into parietal cells under either resting or stimulated conditions. These results are in contrast to observations in hepatocytes, where a Mn entry pathway appears to be present in unstimulated cells [47] . Since we were unable to detect significant Mn influx in stimulated or unstimulated parietal cells, we believe it is unlikely that calcium entry in this cell type occurs via agonist-induced opening of plasma membrane-associated divalent cation channels.
In previously published work, it was shown that L-type calcium channel blockers such as verapamil, nifedipine, and nicardipine do not antagonize calcium entry into parietal cells when administered at concentrations that potently inhibit voltagedependent calcium entry into excitable cells. Verapamil and nicardipine are capable of inhibiting AP accumulation when administered at supramaximal concentrations; however, nifedipine, which appears to be more specific than verapamil and nicardipine in that it does not inhibit agonist-receptor binding or exhibit local anestheticlike activity, has not been found to inhibit AP accumulation at concentrations as high as 10 ,uM [45] . On the basis of present and previous observations, we hypothesize that agonist-stimulated calcium influx into parietal cells and perhaps other nonexcitable secretory cell types may involve an unidentified calcium channel subtype with unique molecular characteristics or, perhaps, a cation or anion exchange mechanism. The differences in the sustained calcium response to histamine, carbachol, and gastrin suggest that the calcium entry mechanism is either differentially regulated by specific second messengers or that more than one calcium entry pathway is involved. Since calcium influx is required for the maintenance of parietal cell HCI secretion in response to calcium-dependent agonists such as carbachol, the elucidation of the factors involved in this process should allow significant advances in the field.
